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PRE FACE 


The information in this technical aid was presented at the U.S. Army 
Engineer Division, South Pacific's Water Level Prediction short course 
in San Francisco, California, 30 March-1 April 1976, and at the Tsunami 
Symposium, sponsored by the Tsunami Committee of the International Union 
of Geodesy and Geophysics, held in Ensenada, Mexico, 23-26 March 1977. 
The work was carried out under the coastal structures program of the 
U.S. Army Coastal Engineering Research Center (CERC). 


The report was prepared by Dr. Frederick E. Camfield, Hydraulic 
Engineer, Coastal Design Criteria Branch, under the general supervision 
of Robert A. Jachowski, Chief, Coastal Design Criteria Branch. 


Comments on this publication are invited. 


Approved for publication in accordance with Public Law 166, 79th 
Congress, approved 31 July 1945, as supplemented by Public Law 172, 
88th Congress, approved 7 November 1963. 


JOHN H. COUSINS 


Colonel, Corps of Engineers 
Commander and Director 
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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI) 
UNITS OF MEASUREMENT 


U.S. customary units of measurement used in this report can be converted 
to metric (SI) units as follows: 


Multiply by To obtain 
inches 25.4 millimeters 
2.54 centimeters 
Square inches 6.452 square centimeters 
cubic inches 16. 39 cubic centimeters 
feet 30.48 centimeters 
0.3048 meters 
square feet 0.0929 square meters 
cubic feet 0.0283 cubic meters 
yards 0.9144 meters 
square yards 0.836 square meters 
cubic yards 0.7646 cubic meters 
miles 1.6093 kilometers 
square miles 259.0 hectares 
knots 1.8532 kilometers per hour 
acres 0.4047 hectares 
foot-pounds 1.3558 newton meters 


millibars 
ounces 


pounds 


ton, long 
ton, short 


degrees (angle) 


Fahrenheit degrees 


1.0197 x 10°3 
28.35 


453.6 
0.4536 


1.0160 
0.9072 
0.1745 


5/9 


Celsius degrees or Kelvins 


kilograms per square centimeter 
grams 


grams 
kilograms 


metric tons 
metric tons 


radians 


1 


SSS jTS_TSaS 


1T9 obtain Celsius (C) temperature readings from Fahrenheit (F) readings, 


use formula: 


G=9(5/ 9) (EF 32) 


To obtain Kelvin (K) readings, use formula: K = (5/9) (F -32) + 273.15. 


SYMBOLS AND DEFINITIONS 
cross-sectional area of submerged part of structure 
length of rectangular building in direction of flow 
width of rectangular building transverse to direction of flow 
coefficient of drag 
mass or inertia coefficient 
projected dimension of a structure, or width of a flat surface 
force accelerating the structure 


height of a submerged cylinder or building, or length of a flat 
surface 


time 

velocity of surging water 

velocity of moving structure relative to ground 
volume of water displaced by structure 

distance in direction of structure motion 

a coefficient 


density of the water 


ACCELERATION AND IMPACT OF STRUCTURES MOVED BY 
TSUNAMIS OR FLASH FLOODS 
by 
Frederick E. Camfield 


I. INTRODUCTION 


A high velocity flow of a wall of water surging over land, such as 
found in some tsunamis or flash floods, may carry forward structures 
which will impact with other structures. The resulting impact forces, 
combined with the force of the surging water, may result in serious 
damage of structures which would otherwise withstand the surging water. 
Therefore, a means of estimating the forces on a structure resulting 
from the impact of other structures is needed. 


II. ACCELERATION AND IMPACT OF STRUCTURES 


Camfield (in preparation, 1978)! shows that the distance, x, a 
structure will move, as a function of time, t, is given as 


XS wie + kn (aut + 1) (1) 


where u_ is the velocity of the water and a is a constant defined by 


CpA 
02 SS (2) 
2W@O = Gy) 
A = cross-sectional area of the submerged part of the structure 


transverse to the direction of motion 


V = volume of water displaced by the structure 
Cp = coefficient of drag given in the Table 
Cy = mass coefficient given in Figure 1 for rectangular struc- 


tures (from Riabouchinski, 1920)?. 


Example solutions of equation (1) are shown in Figure 2. 


ICAMFIELD, F.E., "Tsunami Engineering,'' U.S. Army, Corps of Engineers, 
Coastal Engineering Research Center, Fort Belvoir, Va. (in preparation, 
1978) . 


2RTABOUCHINSKI, D., "Sur la Resistance des Fluides," Internattonal 
Congress of Mathematics, Strasbourg, 1920, pp. 568-585. 


Table. Dr coefficients. 


feb) 


Circular cylinder 


GE 
Square cylinder 


Bl vat 
ah 


10* to 10° 


Rectangular flat plate 
(totally submerged ) 


NOTE.--L = The height of a submerged cylinder, or the length of the 
flat plate. 


d = The projected dimension shown, or the width of the flat 
pater 


0.1 0.2 0.4 0.6 081.0 2 4 6 810 
a/b 


Figure 1. Cy for two-dimensional flow past rectangular 
bodies, irrotational flow with no separation 
(from Riabouchinski, 1920). 


2RIABOUCHINSKI, op. cit., p. 7. 
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For a structure completely immersed in water, i.e., flow passes 
around all sides of the structure (including both the top and the bottom), 
the forces act against the projected surface area of the structure 
normal to the direction of flow. Coefficients of drag, Cp, can be 
obtained from the Table for known structure dimensions. For a structure 
resting on the ground, where there is neither underflow nor overflow, 
the structure can be treated as an infinitely long (i.e., infinitely 
high) structure to determine the appropriate coefficient from the Table. 


When a structure rests on the ground and overtopping water creates 
overflow where there is no underflow, or when a structure is supported 
or floating above the ground so that there is underflow but no overflow, 
the following procedure may be used to determine the coefficient of drag. 
The drag acts against the submerged part of the structure. Create a 
"mirror" of the submerged part at the surface where no flow occurs. This 
gives a completely immersed structure with a height equal to twice the 
submerged height of the actual structure. The coefficient of drag for 
the actual structure can then be obtained from the Table, using the width 
of the actual structure and a height equal to twice the submerged height 
of the actual structure. This is illustrated further in the example 
problem. 


The velocity of the structure, up, as a function of time, is 


Spee ACN 
Ube Os ote WS) 


and the force, F, accelerating the building at any instant in time is 


F= pVa (u - up)? (4) 


where p is the mass density of water (seawater ~ 2 slugs per cubic foot 
(1,026 kilograms per cubic meter) and freshwater 1.94 slugs per cubic 
foot). 


x Kk kK kK K RK kK RK kK K K * * * EXAMPLE PROBLEM * * * * * * * * ¥ * ®¥ * * * 


GIVEN: A tsunami is 12 feet (3.66 meters) high at the shoreline, and 
moves on to the shoreline as a steep-fronted surge. A building is 
swept forward, and impacts with another building after being carried 
through a distance of 20 feet (6.1 meters). The building is rectan- 
gular, 40 feet (12.2 meters) wide and 14.4 feet (4.4 meters) deep in 
the direction of flow, and is submerged to a depth of 10.5 feet (3.2 
meters) as it is carried forward (Fig. 3). The velocity of the surge 
is approximated as u = 36 feet (11 meters) per second. 


FIND: 


(a) The time required for the building to impact with the other 
building; 
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(b) the force accelerating the building at the moment of impact; 
and 


(c) the momentum of the building at the moment of impact. 
SOLUTION: 


(a) The submerged cross-sectional area of the building, transverse 
to the direction of the surge, is given as 


A = width x submerged depth = 40 x 10.5 = 420 square feet (39 square 
meters) and the submerged volume (the displaced water) is 


V = width x length x depth = 40 x 14.4 x 10.5 = 6,048 cubic feet 
(171 cubic meters). 


The coefficient of drag can be approximated by assuming the side of the 
building is a flat plate. To determine an equivalent flat plate, using 
the Table, assume that the submerged depth for underflow and overflow 
(a totally submerged plate) is twice the depth of the building, or 


by 40 Ls 
da Teese 
and from the Table 
Gy 2 Mol 
From Figure 1, where 
a_ 14.4 _ 
Me aor 0.36 , 
then 
Cy = 4.0 , 
and equation (2) gives 
A oil x AAO 
of pg Soo ee 
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The relationship between distance and time is shown in Figure 2, which 
for a distance of 20 feet gives 


t = 2.40 seconds . 
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(b) From equation (3) 


Ren ee See a Wve Ne ID YS wi 
b mut + 1 (COMOCT GIRS G naira 


up = 14.3 feet (4.35 meters) per second . 


From equation (4) 


F = pVa (u - ws))* 
F = 2 x 6,048 x 0.0076 (36 - 14.3)2 
F = 4.3 x 10* pounds (1.9 x 10° newtons) 


(c) Momentum, M,, at impact is 
‘O p 


M5 = up X mass 


taking the mass of the building equal to the mass of the displaced 
water for a partially submerged building which is floating (the mass 
includes water within the building), 


mass = pV = 2 x 6,048 = 12,096 pounds-second squared per foot 


and the momentum is 
M5 = up X mass = 14.3 x 12,096 


Mo = 1.7 x 10° pounds-seconds (7.7 x 10° newton-seconds) 


Ce I Pe ee RP PEP Cer eo OO Ge Gl coe fo > G2 C2 CF o> > me om me & 


L-82 ‘ou eBalesn” €02OL 


“L-82 VLHO “pre TeoTuyoe7 
SuyAseuTZue TeIseoD *TejUeD yOTessey BuTaseuTsuy Teqseop *s°pn 
seTtes “II “OTIFL “I ‘“sfweunsy, *¢ ‘*sesaing *z ‘*jo0edmy *|1 


*z07eM BuUTZIns ay Jo ARTOOTOA 
oy} pue seinjonzzs 9Yy} WeeM}eq BOULISTP TeTITUT ey. JO uot AouNZ e se 
e010F JOedmE pue ARTOOTSA TOF poeuteqjgo oq ued suoT;NTOS -aaznjoONzIs 
Tey,OUe YITM seo10F JOedWT pue pooTy yseTy 1O Fweunsj e fq poaou 
einjonijs e& Fo ARPOOTEA |Yy} BuyTuTUAeJep TOF usaTSs vze sonbTuyoey 
(L-8Z VLaO £ tJequepQ yoressoy BuTIe0UT.Uq 
TeIse0D °S°N — pre TeoOFUYyosS, BufassuTsue Teqseoj) “TTF : *d #1 
"8L6, “90FALES UOTIEMAOZUT [TeOTUYDe], TeUCTIEN 
woly eTqeTpeae : “eA SprTeTyZupads £ azsquep yoreessoy B3uTirsouTsuy 
Teqseop *s*N + “eA ‘ATOATeg 310g — *pTeTswep *g yOTLepezq fq / spooTy 
yseTZ Io stweuns} Aq peAom seanjonajs jo joedmy pue uot zeAsTOD0y 


‘da yOFAeperg ‘prepyuep 


b-82 *ou Barecn* £0¢OL 


“L-8Z VLHO “pre TeoTUuYyoe2 
BUTAVeUTSUS TeISeOD “°1ejUsD YOTessoy BuUTIeSUT3UY TeISseOD °s°n 
tsettes “TI “eTIFL °I “sfweunsy *¢ ‘*se8ing *z “j0edmy “| 


°203eM Suypsans ay Jo ARTOoTeA 
ay} pue seinjoni4s oy} useMjeq BdUeISTP [TeFIFUF oy} JO uoTZOUNZ e se 
eo10F JOedwTE pue ARTOOTeA TOF pouTeqgo oq ued suofynTOS ‘*eanjonaqs 
Zeyjzoue YyIF~M seoroF joOedmy pue pooTF yseTy Ao Fweuns} e Aq poaow 
2anjoni7zs e Jo ARTOOTSA Vy BuTupMAeJep OZ usATZ ze sonbzuypey, 
(L-8Z VL90 § teqUeD YyOTeeSSy SupTrveuTZuq 
T#38e80D °S°n — pFe TeoFuyoe7 Zufreeuzsue Teqseop) “TTF : *d Hy, 
*SL6L S®PDFATEG uoTIeMAOFUT TeoTUYDe], TeuofIeN 
wory eT geTFeae : *ea ‘prteTzysuptads $ t0eQquep yoreessy Buprseuz3uq 
Te3se09 “Sn : “BA ‘1FOATEg 310g — *pTeTyweD *Y yOFepezg fq / spooTs 
yseTF 10 sfueuns} Aq peAom seinjoniqs jo .3j0edmy pue uoTIeLeTOD0V 


°d YOTLeperq ‘plepzwmep 


L709 b=82 ;ou BILgcn* £02901 


*L=8Z VLE0 “pre TeoFuYyde3 
SUTLIeSeUTsUS TeJseop “TejUEeD YOTeeSsy BuTzseuTZuyq TeqseoD *s*n 


:SOFIES “II “STIFL °I “stweunsy *¢ “se8ing *z ‘joedmy “| 


*ZejemM BuTZins oy Fo AATOOTeA 
vy] pue seinjonaqs ey} ueeMjeq sDUeISTP TeFIFUE eyR JO uoTWROUNTZ e se 
eo0z0F Joedmy pue ARTOOTeA AOF peutejzqgo oq ued suoTANTOS *eaAnjonaqs 
Zoyjzoue YIM sooTOF JoOedwy pue pooTF yseT} 10 Tweuns3 e Aq pesow 
eainjoni3zs e Fo ARZTOOTEA 9y} BuTUTUIe,ep AoF usazTS ore senbTuyosy 
([-8Z WLIaO £ 1eqUue9 yoTeesey SuTreeuTsug 
TeIseoD *s°n — pre TeodpUYyoe] Bupresuzsue Teqseoj) “TIE : *d yL 
"S/6| Se0DFATES UoTJeEUAOJUT TeOTUYDET, TeEUOTIEN 
woty eTgeTTeae : °e, ‘prTeTysupadg { zequep yoreessy SuTrseuTsug 
TeIseoD *S°n : “eA SATOATEg JIOT — *pLetyweg *y yOTIepeazy Aq / spooTF 
yse TF 10 sTweunsy, Aq peAow seanjonijs jo AoedmE pue uoTIeASeTSDDy 


“Yd yYOPASperg ‘plepyweo 


£29 [=8Z ~ou eBarecn’ €0ZOL 


“L-8Z VIGO “pre Teo FUYyIeR 
SuyAseUuTZUe Te}seOD “*AsjJUSD YOIessey BuTTseuTSsuq TeIseoD *s*p 
:SeTIes “II “eTIFL “I “spweunsy *¢ ‘se8ing *z °R0edmMyT *| 


*2937eM 3uT3ins sy Jo ARPOOTeA 
3yq pue seainjonzqs oy useMjJeg VDUeISTP TeTIFUT ey JO uoFROUNTZ e se 
a0T0F JOedmy pue AQFOOTeA AJOF poeuTezqo vq wed suOTANTOS *eanjonazqs 
Zey,OUe YIM sesoLOF QoedwyT pue pooTy yseTF Zo Fweunsy e Aq peaou 
eanjonijzs & JO ARFOOTAA ay} BupupWAeJep IoF useaTs ore senbfuyoey 
(L-8Z VLEO0 § Tequep9 yoreessy SuTrseUTsUg 
TeISeOD *S*n — Pe TeoFUYyOe, BufAesuTsue Teqyseoj) “TTF : *d HL 
"S/6L ‘80FATeS uoTJeMIOFUT TeOTUYDe], TeUOTIEN 
wory eTqeTyeae : *e, ‘pTefysupaids {£ arequeg yorreesey SuTrseuTsug 
TeqSeOD “SN : “BA SAFOATEG 310g — “*pTeTyweD *y YOFAeperg Aq / spooTs 
yseTy 10 sfweuns3 Aq peAow sainjoni3s Jo joedwp pue uoTIereTeD0y 


“gd YOTAeperg ‘pTerpyweo 


ry wren wie ee ee Pm) 
11 omega Coc Neato > Ciera St Oe 


Att 
‘| 
j he 
; : 
ni ‘3 : 
i 
f Me ; 
a i 1 
; hy in 
: : fh i he 
: Ba bh 
rf q i, i 
rs : A} i 
‘ i 
j 
ny 
1 st y 1 
J : ‘i 
i oe 
f i : hie the ‘1 Br a F rane 
x4 wi ‘ : ay yo 
{ ya, f 
i i 
oT) u 
- { 
i \ 
h Nee 
; i tf i 
1 i 
4 hi, / 
i cera 


L-82 *ou eBILesn” €02OL 


“L-8Z ViaO “pre TeoTuyoe 
BUTleeuUTZUe TeJseoD *TejUeD YyOTesSey ButszseuTZug TeqseoD °s*n 
tsettes “II “eTIFL °I ‘“sfweunsy *¢ ‘se8ing °z ‘jo0edmy “1 


*ze eM BuTsins ey} Jo AWTOOTOA 
ay} pue seinjonzzs |y} useeM}eq BDUeISTP TETITUT ey JO uofjOunZ e& se 
90203 JOedME pue AZTOOTSA TOF peuyzejigo oq ued suot3nTosg -eanjonzqs 
TeyzoUe YIM seo10Z Joedmy pue pooTyF yseTF IO Jweunsq e Aq poaow 
ainjonijzs e Jo AZTOOTeA By} BuTUuTMAeZep TOF ueATSs ore senbfuyooy, 
(L-8Z VL90 $ tequeD yoreesoy BuTr90uT3Uq 
Te se0D °S*N — pre TeoTuYyIe, BufzseuTsue Teqseoj) “TTT : *d Hy 
“8Z6L “90FALeS UOTIEUOZUT TeOTUYDS], TeuCTIeEN 
wo1z eTqeTFeae : °eA ‘prTeTysupads § rzequeD yoTeessy BuTAVoUTsUq 
Teqseop *s°N : *eA ‘ATOATEG Ja0q — *pleTymeD *qy YOTIepery Aq / spooTy 
yseTF 10 sfweuns} Aq peAow seinjonajs Jo Joedmy pue uopTjereToDNV 


“da yTAeperg ‘prepywep 


1-82 *ou Barecn* £0201 


“L-8Z VLa0 “pre Teotuyoeq 
SupAseuTsue TeIseop *1eqUsD YOTesssy BUTAveUTSU_ TeISeOD *s°n 
:seftes “II “eTITL *I “sfweunsy, *¢ ‘*se8ing °z °joedmy °*| 


°293eM Buysins ay Jo AyPOoTeA 
94} pue seinjonijs sy} UseM}eq eDUeISTp TeFIFUF oy JO uofFRoOunj e se 
e010F JORdwWE pue ARFOOTSA AOF poauTejqo oq ued suoFANTOS *seanjonzqs 
Zayjoue YyIFM seotOF jOedMyT pue pooyTF yseTF 10 FWeuns; e Aq peaow 
9injoni7s & Jo ARFOOTOA |yW BupUpUTeJep AJOZ usATZ ose sonbpuypey 
(L-8Z VLE0 § 20eqUeD YyOTesssy BupTrvouT3uq 
T#38e0D °S°N — pFe TeoFuyoe, Bufresuzsue Tejseop) “TTT : *d 4H 
°S/6L ‘20FATESg UuOTIeMAOFUT TeOTUYOe, TeUuCTIeN 
wory eTgeT}yeae : °ea ‘prezy3utadg § zequeD yoreesoy BuTazseuTsuq 
Te3s8e809 *S*N : “eA AFOATeg 310g — *preTyweD *y yOTIeperg fq / spooTy 
YyseTy 10 sTmeuns; Aq pedo seinjonz4s Jo .joedMy pue uoTIeAeTeD0V 


°d yOFAepery ‘prTepzwep 


(4) L=82 ‘ou eBarecn® €02OL 


“L-8Z VLRO “pre TeoFuYyIeR 
SUTI9SeUTZUa TejIseo) ‘“TejUeD YOTeeSsy BuTAseuTsu_ Te SseOD *S*p 
tsettes “II “STIFL “I “sfweunsy *¢ ‘se8ang *z ‘joedMT ‘| 


°297eM BuTZIns oy Jo ARTOOTeA 
3y} pue seinjonajs 9y} UeeM{eq BDUEISTP TeTIT_UTE ey Fo uoTWOUNZ e se 
eort0F Joedmy pue ARTOOTEeA OF peuTedgo oq ued suofAnTos ‘*sanjonazqs 
Jeyjoue YyIFM sedTOF Joeduy pue pooTy yseTfF 10 Fweuns3 e Aq peso 
einjonizs e Fo ATOOTeA 9y} BUTUFUIe}Jep AJOF ueaTs ore sonbyuyoey 
(L=8Z VWLIHO0 £ teque9 yorTeessy BuTreeuTsug 
TeIseoD *s°n — pre TeoOTUYyOe] BuprzseuTsue TeqseoD) “TTT : *d #1 
"@L6| ‘20FALTeS UoTJeEMAOFUT TeoDTUYDe] TeUOTIEN 
Woly eTgeTTeae : ‘ea ‘SpTeTysupidg £ rzequep yoreessy BupzseuTsug 
TeqseoD “S*n : *BA “TTOATEgG Jtoq — “pletywep *y yOFepergy Aq / spooTs 
yseTy 10 sTweunsy Aq pedAot sainjonijs jo joedmE pue uop zereTeD0y 


“ad yOFAepeag ‘pleTtyzueo 


L£¢9 boy, She BaLgsn® €0ZOL 


“L-8Z Via “pre Teofuyos; 
SuUpieseuysue TeqJseop “1ejUSD YOIeesey BuTrseuzSuq Teqseop *s*p 
:seTles “II “eTIFL ‘I = “sfweunsy *¢ ‘se’ang *z *30edMy *| 


*19}eM BuTSins ey} jo ARPOOTeA 
By} pue seinjonijs 9y} useMjeq eDUeISTP TeTIFUF eyR FO uoTRoOuny e se 
e010F JOedMyT pue ARTOOTeA TOF peutejqo eq ued suof4AnTOS ‘*eanqjon13s 
Teyjoue yI~M seoTOF JOedmE_ pue pooTy yseTF Xo Fweuns} e Aq poaom 
eanjonijs e jo ARPOOTAA |Yy} BuTUTWIEep IoF usaTs ore sanbfuyoey 
(L=8Z VIHO0 £ tequeD yoreessy BupaseuTsuy 
Te seoD *S*n — pFe TeoFuYyos, Bufissufsue Teqyseod) “TTT : *d HL 
"S/6L S80FATES UOFReMIOJUT TeOFuyoe] TeuoTIeN 
wolj eTqeTTeae : ‘eA ‘pTeTySupaidg { rzequep yoreesey BufrssuT3uq 
TBISBOD “S°N = “BA ‘AFOATEG JOG — *plTeTyweD *y yOTAepeay Aq / spooTs 
YyseTF JO sfweuns3 Aq peaow seinjonijs Jo Joedwy pue uoT IereTe0y 


“da yFAepery ‘prefyweo 


Fle. 


me a 
Nero 
it Loe 


i 
a nF ' 
A eee tlt ae 
7 A 


eh ma or Ha Ae é 
ne Te i iy A hy fl ey a 
A | : ae i: H han 


ie ( 
ean aah ih 
ee ath ete tne 
; hae i 
BNA re re 
- mT iy h : elas 
| Ve i my ae 


fy a 
a Wy a isu 


hu ie 
A Bar Bi 


view 


t i 
y 
ne iG ; We 


i) 
hi say in vt - : A ; 
Ae ‘ 


a 
) 


